Background AxiaLIF was initially advocated as a minimally invasive, presacral lumbar fusion approach. Its use has expanded in to adult scoliosis surgeries. Methods Current literature about AxiaLIF for degenerative lumbar surgery and adult scoliosis surgery were reviewed. Anatomy, biomechanical properties, clinical results, and complications were summarized. Results Anatomically, AxiaLIF is relatively safe even though traversing blood vessels, and the pelvic splanchnic nerve can be at risk. AxiaLIF can provide significant stiffness compared to the intact spine, but posterior supplementation is recommended. AxiaLIF in the long construct for adult scoliosis surgeries can protect the S1 screw as effectively as pelvic fixation. Successful clinical outcomes after AxiaLIF were reported in the degenerative lumbar spine, adult scoliosis, and spondylolisthesis. It can facilitate a high fusion rate up to 96 % without BMP. Complications include pseudarthrosis, rectal injury, transient nerve irritation, and intrapelvic hematoma. Conclusion AxiaLIF is a relatively safe procedure, and it provides good clinical results in both short constructs and long constructs for adult scoliosis surgery. For a safer procedure, surgeons should seek out prior colorectal surgical history and review preoperative imaging studies carefully.
Introduction
In a long-construct fusion for adult scoliosis, choosing correct levels and correct fixation methods are critical in obtaining optimal outcome. In the presence of spondylolisthesis, stenosis, prior laminectomy, or oblique take-off at L5-S1, fusion to the sacrum is recommended [5] . Fusion to the sacrum in a long construct can be complicated with S1 screw failure, thus leading to pseudarthrosis with or without a focal kyphotic deformity at the L5-S1 level. Traditionally, protection of the S1 screw can be obtained by the Galveston technique [3] , four rod technique [26] , S2 screws [23] , S1 iliac screws [6] , and S2 alar iliac screws [21] . More recently, AxiaLIF has been used as an augmentation method to protect S1 screws in the long construct for adult scoliosis, and its biomechanical and clinical usefulness have been proved [2] .
In this article, a brief review of the anatomic consideration of AxiaLIF, its biomechanical properties in short or long constructs, its surgical indications and technique after adult scoliosis correction, and its clinical outcomes in both degenerative lumbar and adult scoliosis surgeries will be discussed.
Anatomic consideration
Safety and feasibility are always an issue for any innovative technique. The advantage of AxiaLIF is its percutaneous approach; therefore, the anatomic safety is most critical. Cragg et al. [8] performed a feasibility study of AxiaLIF in cadaver, animal, and three human pilot patients. They performed the procedure successfully in all three groups, and no patient had vascular or neural injuries. Luther et al. [19] reported the increased safety of the AxiaLIF by way of using the neuronavigation system.
More recently, Li et al. [17] did an extensive cadaver study on the anatomy of the AxiaLIF approach. They illustrated five layers of the presacral fascial structures: periosteum, the parietal presacral fascia, the rectosacral fascia, autonomic nerve fascia, and the fascia propria of the rectum. They advocated that surgeons should pay attention to traverse veins and the pelvic splanchnic nerves. Injury of these structures can cause pelvic hematoma and sexual/ urinary dysfunction.
Biomechanical properties
Ledet et al. [16] compared the various biomechanical properties of the AxiaLIF with those of multiple preexisting fixation methods including cages, plates, and rod systems in bovine lumbar motion segments. Results showed a significant increase in stiffness in AxiaLIF fixation compared to the intact specimen. AxiaLIF fixation showed significantly higher stiffness than all other cage designs in terms of lateral and sagittal bending motion. In extension and axial compression, axial fixation also showed comparable stiffness to plate and rod constructs. They concluded that axial placement provides favorable biomechanical properties compared to other fixation methods.
This result was reproduced in other studies. Akesen et al. [1] performed the biomechanical studies of AxiaLIF in human cadavers and showed that stand-alone transsacral fixation significantly reduced the range of motion of segments. They demonstrated that the advantage of axial fixation is leaving the annulus intact and achieving indirect decompression with distraction. In order to obtain the optimal biomechanical properties, however, they recommended that posterior fixation, such as facet screws or pedicle screws, should be added. Erkan et al. [10] showed similar results in two-level axial fixation. The stand-alone axial two-level fixation showed a reduced range of motion compared to the intact specimen, but posterior supplemental fixation showed better stiffness than the stand-alone axial two-level fixation.
More recently, a biomechanical study of AxiaLIF in a long construct was performed in human cadaveric spine [11] . Fleischer and co-authors compared the S1 screw strain among four different constructs: pedicle screw alone (L2-S1), pedicle screw with an anterior interbody device, pedicle screw with axial fixation, and pedicle screw with iliac screws. The results showed that S1 screw strain was the greatest in pedicle screw alone, decreased by 38 % after anterior interbody augmentation, decreased by 75 % after using axial fixation, and decreased by 78 % after iliac screw augmentation. The study demonstrated that AxiaLIF can provide similar biomechanical properties compared to iliac screw fixation in terms of protecting the S1 screw in long constructs. Based on this biomechanical study, our site uses unilateral iliac screw fixation for osteopenic patients with BMD indicating osteopenia and use bilateral iliac screws for patients with osteoporosis. However, we do not use any iliac screws for patients with normal BMD.
Surgical indication and technique for AxiaLIF after adult scoliosis correction
Surgical indication for additional anterior fusion after adult scoliosis correction is indicated by: (1) a lumbosacral fractional curve; (2) a big body habitus; and (3) severe spinal stenosis needing decompression. In any case where decompression is needed due to severe stenosis, we can Fig. 2 Standing X-rays at 6 months after surgery. The surgery was posterior multiple Ponte osteotomies and pedicle screw fixation from T3 to S1, and AxiaLIF was performed for two bottom levels of the construct (L4-S1) without inserting iliac screw. X-rays show the good coronal and sagittal balance with intact instrumentation. 6-month SRS score was 4 total, and ODI was 22 % substitute AxiaLIF for another anterior fusion procedure such as TLIF or PLIF. Typically, 2 levels are done when there is good trajectory from the sacrum to the L4 body and if the patient requires an interbody at L4-5. If there is a fractional lumbosacral curve that requires correction, a TLIF to horizontal the L4 level is done alongside a onelevel AxiaLIF at L5-S1. Presence or absence of lumbar lordosis at L4-S1 is not critical since we can obtain segmental lumbar lordosis with any anterior fusion technique including TLIF or AxiaLIF.
The surgical technique is similar to the usual AxiaLIF technique for a lumbar degenerative condition. 24 h before the procedure, every patient undergoes a colonoscopy with Golytle bowel prep. AxiaLIF is done under the same posterior deformity correction anesthesia. The patient is kept on the Jackson table, but one more pillow is put underneath the hips to maximize hip flexion. Two C-arms are needed to simultaneously see AP and lateral views. The patient is draped again, then a transverse incision is made on the right buttock next to the coccygeal area. Previously, skin was cut longitudinally, but a transverse incision reduces dehiscent due to the pressure of sitting. First a finger dissection is done all the way into the coccyx then a blunt dissector is inserted. The tract is expanded via the expander, followed by screws and final cage insertion. Not only can you distract the segment, but you can also create lordosis. A one-level AxiaLIF usually takes 40 min to one hour.
Clinical results
Since Cragg et al. [8] reported the feasibility of AxiaLIF on three pilot patients, many studies reported the clinical outcomes and the complications regarding AxiaLIF [15, 20, 25] . Patil et al. [25] reported a 96 % fusion rate in 50 patients with an average follow-up of 12 months, and Aryan et al. [4] reported a 91 % fusion rate after AxiaLIF in 21 patients. More recently, clinical outcomes with more than 2 years follow-up were reported. Tobler et al. [29] , in their retrospective review, reported the clinical and the radiographic results of 156 AxiaLIF cases with 86 % pain and 74 % function clinical success rates. Their radiographic fusion rate was 94 %, which was similar to the previous reports [25] . Tobler et al. [28] also performed prospective studies at 2-year follow-up with 26 cases and reported that significant improvement in pain and function in the first 3 months was maintained. Radiographic fusion was obtained in 22 patients (92 %) at 1 year and in 23 patients (96 %) at 2 years. They had one pseudarthrosis which was revised successfully with the augmentation of a posterolateral fusion mass.
Tender et al. [27] reported the successful outcome of AxiaLIF in three degenerative spondylolisthesis spines, and Gerszten et al. [13] reported successful outcomes in 26 low-grade isthmic spondylolisthesis. Gerszten et al. [12] also reported that clinical outcomes were the same in the patients who underwent AxiaLIF with or without rhBMP-2, suggesting that AxiaLIF surgery can obtain good fusion while avoiding the complications caused by using rhBMP-2.
Anand et al. [2] combined three minimally invasive spine techniques (XLIF, AxiaLIF, and posterior percutaneous fixation) in 12 lumbar degenerative scoliosis patients and reported the results. Modest scoliosis correction was achieved with less morbidity and low blood loss which supports the rationale of AxiaLIF in adult scoliosis surgeries (Figs. 1, 2, 3, 4) .
Complications
Patil et al. [25] defined the most common complications as superficial wound infections, followed by pseudarthrosis, rectal injury, hematoma, and the irritation of a nerve root by a screw. Lindley et al. [18] reported relatively low complication rates (26.5 %) in 68 AxiaLIF patients. They experienced 18 complications in 16 patients including psuedarthrosis (8.8 %), superficial infection (5.9 %), sacral fracture (2.9 %), pelvic hematoma (2.9 %), failure of wound closure (1.5 %), transient nerve root irritation (1.5 %), and rectal perforation (2.9 %). Regarding rectal perforation, Meyer and Mummaneni pointed out that AxiaLIF performed in outpatient clinics can be a problem considering the possibility of intrapelvic hematoma. They also emphasized that obtaining prior colorectal surgery history is important because it can cause adhesion. Careful review of preoperative imaging is also important [22] . Botolin et al. reported rectal injury during AxiaLIF thus strongly recommending a pelvic MRI or CT with contrast for patients who have had any possible abdominal adhesion [4] .
Regarding AxiaLIF revision surgery, safety can be a concern because a previous surgical scar can cause possible rectal injury. DeVine et al. [9] reported on an AxiaLIF psuedarthrosis revision where a paramedian approach was performed and the AxiaLIF cage was removed through the anterior L5-S1 disc space. Regarding this innovative technique, Nasca [24] commented that the removal of an AxiaLIF cage through the previous presacral approach tract has been safe in 50 removals out of 8,600 AxiaLIF cases. Hofstetter et al. [14] also reported the feasibility of Axia-LIF cage removal percutaneously. Cohen et al. [7] reported on a revision which needed a wider cage for instability after a fall. He suggested the same presacral surgical approach for the AxiaLIF revision.
So far, we have performed about 65 cases in adult scoliosis patients. Most recently, we performed a study on 40 consecutive patients who underwent AxiaLIF after adult scoliosis correction (unpublished data). There were 25 patients with a one-level AxiaLIF and 15 patients with a two-level AxiaLIF. 9 out of 40 patients (22.5 %) had complications including: 3 transient radiculopathy, 2 thromboembolic events, 3 wound issues, and 1 implant malposition. 4 out of 40 (10 %) returned to the OR: 1 implant was repositioned, and 3 patients required superficial wound irrigation and debridement. There were no instances of deep-wound infections, bowel perforation, permanent neurologic, or vascular injuries in the series.
Conclusion
AxiaLIF is a relatively safe procedure and has provided good clinical results in short and long constructs for adult scoliosis surgery. In terms of S1 screw protection, it is as effective as pelvic fixation and equates to less blood loss and less morbidities as a minimally invasive procedure. Unless there is severe spinal stenosis requiring direct decompression, it can also provide indirect decompression and facilitate a successful fusion even without BMP. A comprehensive assessment of patient history and thorough diagnostic studies are mandatory to perform the procedure safely and to achieve a successful outcome.
Conflict of interest None.
